ABSTRACT The arginine methyltransferase family (PRMT) has been implicated in a variety of cellular processes, including signal transduction, epigenetic regulation, and DNA repair pathways. PRMT1 is thought to be responsible for the majority of PRMT activity in Toxoplasma gondii, but its exact function is unknown. To further define the biological function of the PRMT family, we generated T. gondii mutants lacking PRMT1 (⌬prmt1) by deletion of the PRMT1 gene. ⌬prmt1 parasites exhibit morphological defects during cell division and grow slowly, and this phenotype reverses in the ⌬prmt::PRMT1mRFP complemented strain. Tagged PRMT1 localizes primarily in the cytoplasm with enrichment at the pericentriolar material, and the strain lacking PRMT1 is unable to segregate progeny accurately. Unlike wild-type and complemented parasites, ⌬prmt1 parasites have abnormal daughter buds, perturbed centrosome stoichiometry, and loss of synchronous replication. Whole-genome expression profiling demonstrated differences in expression of cell-cycle-regulated genes in the ⌬prmt1 strain relative to the complemented ⌬prmt1::PRMT1mRFP and parental wild-type strains, but these changes do not correlate with a specific block in cell cycle. Although PRMT1's primary biological function was previously proposed to be methylation of histones, our studies suggest that PRMT1 plays an important role within the centrosome to ensure the proper replication of the parasite.
main that includes subdomains for binding to the methyl donor, S-adenosyl-L-methionine (SAM) and substrate proteins. PRMTs have a broad spectrum of substrates, including RNA-processing proteins, RNA-transporting proteins, protein phosphatase 2A, G proteins, and histones (6) but relatively little is known about PRMTs in T. gondii. PRMT1 (TGME49_219520) has been reported to mediate methylation of arginine 3 of H4 and PRMT4 (TgCARM1) to mediate the methylation of arginine 17 of H3 (5) . The families of methyltransferases and demethylases is expanded in T. gondii (4, 7) , suggesting protein methylation may have an expanded role in the biology of T. gondii with roles unrelated to histone modification. In support of this conjecture, recent studies have demonstrated methylation of T. gondii apical cytoskeletal proteins mediated by AKMT1 (8) as well as methylation of tubulin mediated by an unidentified methyltransferase (9) .
To address the function of arginine methyltransferases on gene expression of T. gondii, mutants lacking PRMT1 were created by double-targeted gene replacement within the virulent type I strain RH using a strategy employing linear fragments to disrupt the gene (10) . Parasites lacking PRMT1 harbor morphological defects during cell division and grow slower than the wild-type (WT) parental strain due to an inability to accurately count the number of daughter cells and segregate nuclear material. This defect is reversed in the complemented (Cm) mutant. Although differences in histone methylation and gene expression are evident in the ⌬prmt1 strain, our genetic studies indicate the most important function of PRMT1 is in regulation of daughter cell counting required for proper cell division.
RESULTS

Generation of PRMT1 knockout strain and restoration by complementation.
To evaluate the importance of PRMT1 in parasite differentiation, transgenic parasites lacking PRMT1 (PRMT1 knockout [KO] ) were generated. A targeting vector with 1 kb flanking the PRMT1 gene was constructed using the Gateway system ( Fig. 1A) (10) . Transfection of RH parasites with the linear fragment followed by selection on mycophenolic acid with xanthine resulted in double-crossover homologous recombination with loss of the entire PRMT1 open reading frame (ORF). Diagnostic PCR analysis with various combinations of primer pairs demonstrated the integration of the hypoxanthine-xanthineguanine-phosphoribosyl transferase (HXGPRT) cassette into the PRMT1 locus and the absence of intact PRMT1 (Fig. 1B) . Southern blot analyses on genomic DNA using various probes specific for PRMT1 or HXGPRT further confirmed disruption of the PRMT1 chromosomal locus by a double-crossover event in two separate independent clones tested (Fig. 1C) . Both ⌬prmt1 strains were complemented with a cassette encoding a PRMT1-mCherry fusion protein (PRMT1mRFP) driven by the heterologous TUB1 promoter. PRMT1 expression in the ⌬prmt1::PRMT1mRFP strain was confirmed by reverse transcriptase PCR (see Fig. S1A in the supplemental material), immunoblot analysis (see Fig. S1B ), and PCR analysis of the PRMT1 chromosomal locus in the wild-type strain (WT) and ⌬prmt1 strain (clone 2). Using primers (O1, O2, and O3) described in Materials and Methods and denoted by the arrows in panel A, the wild-type (1.45 kb) and disrupted PRMT1 (1.5 kb) loci were confirmed by PCR. (C) Southern analysis of the PRMT1 locus in wild-type (WT) and ⌬prmt1 parasites (clones 2 and 3, labeled C2 and C3, respectively). Integration at the PRMT1 locus was verified by Southern analysis using probes to the PRMT1 ORF or to HGXPRT, probe locations are indicated by the red and green doubleheaded arrows in panel A (No BglII site was found on the endogenous HXGPRT gene).
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fluorescence microscopy (see Fig. S1C ). PRMT1mRFP was evident throughout the cell, including the nucleus, but has a predominantly cytosolic distribution (see Fig. S1C ).
Knockout of PRMT1 results in an in vitro growth defect in Toxoplasma tachyzoites. To assess the importance of PRMT1 for growth of the tachyzoites, we performed plaque assays and found that growth of the ⌬prmt1 parasites was significantly impaired. Although the numbers of plaques were comparable between analyzed strains, the ⌬prmt1 parasites formed an average of 3-to 4-times-smaller plaques than those formed by the parental and complemented strains ⌬prmt1::PRMT1mRFP ( Fig. 2A and B) . The ability to develop normal plaques depends not only on the replication rate but also on the invasion, efficient egress, and motility of the extracellular parasites (11) . Neither egress nor motility was affected by the depletion of PRMT1 (see Fig. S2 in the supplemental material), suggesting that impaired replication of the intracellular tachyzoites was likely responsible for reduced plaque size. Consistent with these findings, the ⌬prmt1 parasites showed reduced uracil incorporation compared to the complemented ⌬prmt1::PRMT1mRFP strain and wild-type cells (Fig. 2C ).
To determine if the ⌬prmt1 mutant exhibits decreased virulence in vivo, we infected groups of mice with 10 ⌬prmt1, ⌬prmt1:: PRMT1mRFP, or wild-type parental tachyzoites intraperitoneally. Consistent with their slower replication rate, ⌬prmt1 parasites showed a modest delay in time to death when 10 parasites were used to infect mice, with partial complementation in the ⌬prmt1:: PRMT1mRFP strain, although all mice in all three groups died (see Fig. S2 in the supplemental material).
⌬prmt1 parasites have modest differences in histone methylation. Previous studies of Toxoplasma PRMT1 using an antibody to H4R3me2 demonstrated that recombinant protein (rPRMT1) can methylate a recombinant histone 4 with an arginine but not a lysine at the 3 position (5). To determine if H4R3me modification was present in T. gondii tachyzoites, we purified histones H3 and H4 from the wild-type and ⌬prmt1 strains (Fig. 3A) . Histone methylation was mapped by mass spectrometry techniques. Using this analysis we could not detect methylation of arginine 3 of histone H4 in either wild-type or ⌬prmt1 strain (Fig. 3B ) (data not shown). Using a more exhaustive mass spectrometry approach to define histone PTM comprehensively, we The defect in plaque size reflects a general defect in intracellular growth, as reflected in uracil incorporation assays performed with tachyzoites grown in pH 7 media. Uracil incorporation determined in triplicate with standard deviations is shown. A low inoculum (100 parasites) was chosen so that it did not lyse the monolayer at 48 h.
have detected H4R3 methylation in a subset of H4R3 peptides, suggesting that this modification is substochiometric (12) . We also examined the global modification profile of histone H3 from wild-type, knockout, and complemented parasites (Fig. 3C) . Surprisingly, we found an increase of monomethylation of H3 in the ⌬prmt1 parasites that was reversed in the ⌬prmt1::PRMT1mRFP line (Fig. 3C) . Thus, while differences in histone methylation were evident, deletion of PRMT1 did not result in the expected change in H4R3 methyl modification. In light of these findings, we used cell biology approaches to further define the phenotype of ⌬prmt1 parasites, hypothesizing that PRMT1 activity could regulate nonhistone substrates in either the cytosol or nucleus.
PRMT1 localizes to the mitotic structures during tachyzoite replication. While performing immunofluorescence assays, we noticed that parasites within ⌬prmt1 vacuoles were disorganized and lost the typical symmetric arrangement within vacuoles. This abnormality, visualized by transmission electron microscopy (see Fig. S1D in the supplemental material), suggests that the main phenotypic defect is likely to be during cell division. We performed a detailed characterization of the cell cycle expression of PRMT1 in ⌬prmt1::PRMT1mRFP parasites using well-established nuclear and cellular morphological criteria (13, 14) . Transgenic parasites were costained with anti-IMC1 (15) to monitor the presence of internal daughters and 4=,6-diamidino-2-phenylindole (DAPI) to visualize the nuclei during G 1 , late S phase/early mitosis when daughter buds first appear, and during parasite budding and nuclear division. PRMT1mRFP was present throughout the cell but was highly concentrated in a single proteinaceous cloud localized to the apical side of the nucleus in G 1 parasites (Fig. 4) . In late-S-phase parasites (S/M), this structure is duplicated and then is associated with daughter buds during mitosis and cytokinesis (M/C). Thus, PRMT1 was enriched in the apical region with cytoskeletal structures involved in cell division.
PRMT1mRFP-associated structures were further defined using cell cycle comarkers MORN1-myc2x (16) and ISP1 (17) (Fig. 5) . PRMT1mRFP was encircled with the MORN1 ring structures (Fig. 5A) , a localization that corresponds to the position of the centrosome (14) . In ⌬prmt1::PRMT1mRFP parasites costained with MORN1-myc2x and ISP1, an early marker of daughter bud formation (17) (Fig. 5B) , PRMT1mRFP localized to a structure that lies underneath the apical cone of the bud and becomes fully separated from the early bud structures. Finally, staining with anti-human centrin1 antibody placed centrioles in the middle of PRMT1mRFP focal accumulation, similar to the recently described pericentriolar material (PCM) factor T. gondii mitogenactivated protein kinase-L1 (TgMAPK-L1) (18) . Thus, based on the cell cycle dynamics of PRMT1mRFP and colocalization with specific mitotic markers, we conclude that PRMT1mRFP is localized to the centrosome and the pericentrosomal PCM compartment (Fig. 5C) .
The eukaryotic centrosome is a hub that coordinates multiple events during cell division. Because Toxoplasma division is unusually complex, particularly at the phase of mitosis coupled to cytokinesis, these parasites evolved a bipartite centrosome that allows segregation of centrosomal functions (18) . Deficiency of the PCM kinase TgMAPK-L1 affects coordination of karyokinesis and cytokinesis, which manifests as unregulated amplification of the centrin cores and delayed budding. Similarly, deletion of PRMT1 is associated with multinuclear replication with irregular centrosome counts (Fig. 6 ). The centrosome duplication observed in wild-type and complemented ⌬prmt1::PRMT1mRFP parasites that had entered S phase was accurate and synchronous with the expected even numbers of parasites ( Fig. 4 to 6 ). In contrast, centrosome numbers were nonstoichiometric and replicated asynchronously in ⌬prmt1 parasites (Fig. 6A ). Irregular centrosome numbers in the ⌬prmt1 parasites were enumerated and confirmed the observed replication defect (Fig. 6B) . We also observed a pronounced defect of karyokinesis, including DNA missegregation and formation of zoites, which implicates an effect of PRMT1 deficiency upon the DNA segregation machinery.
Differential gene expression for prmt1⌬ knockout. To further assess the role of PRMT1 in gene expression of T. gondii and to identify genes that might have altered expression in response to the absence of PRMT1, we performed whole-genome expression profiling to compare the wild-type, ⌬prmt1, and complemented ⌬prmt1::PRMT1mRFP strains. Affymetrix ToxoGeneChip microarrays, which contain probe sets for~8,000 predicted Toxoplasma genes, were used for this study (19) . The differentially regulated genes were grouped into functional categories based on Gene Ontology (GO) annotations in the Toxoplasma genome database at www.toxodb.org. The data set of differentially expressed transcripts for the three strains is available in Data Set S1 in the supplemental material.
PRMT1 signal was present in the wild-type strain, depleted in the ⌬prmt1 mutant, and overexpressed in the complemented line, validating the disruption of PRMT1 by microarray analysis. Although we anticipated that differences in gene expression would reflect a cell cycle block, both G 1 and S/M genes were dysregulated ( Fig. 7) , and the pattern of altered expression did not suggest a perturbation of the periodicity of the cell cycle expressed in tachyzoites unique to the ⌬prmt1 strain (versus wild-type and complemented lines), as determined by comparison of differentially regulated genes (Fig. 7) or by using gene set enrichment analysis (GSEA) (20; data not shown). When we compared the 58 genes that were differentially expressed in both wild-type and complemented strains relative to the knockout strain, several cytoskeletal genes potentially important for cell segregation were dysregulated, including the genes coding for MORN1, ␥-tubulin, axonemal dynein heavy chain, and a striated fiber assemblin (SFA1) ( Fig. 7 ; see Data Set S1 in the supplemental material). ␥-Tubulin, along with ␣-tubulin and ␤-tubulin, is found in centrosomes and spindle pole bodies. SFA2 and SFA3 tether the centrosome to the daughter cell microtubule organizing center (MTOC) and are essential for cytokinesis (21) . The function of SFA1 has not been defined, but SFA1 could have a function in other stages, including endopolygeny seen in cat gut stages. Apicomplexa are unusual in having both the centrosome (a phylogenetically conserved MTOC) and the apical polar ring, an apicomplexan-specific MTOC that is critical for segregation of organelles during daughter formation. PRMT1 expression may have both direct effects upon the assembly of centrosome proteins required for daughter cell budding as well as indirect effects via expression of genes critical for accurate parasite replication.
DISCUSSION
The arginine methyltransferase family has been implicated in a plethora of cellular processes, including signal transduction, epigenetic regulation, and DNA repair pathways (22, 23) . PRMT1 is thought to be responsible for the majority of PRMT activity in yeast (24) , trypanosomes (25) , and human cells (26) . We have FIG 4 PRMT1 is associated with mitotic structures during tachyzoite replication. Cell cycle expression of PRMT1 in ⌬prmt1::PRMT1mRFP parasites was monitored by red native fluorescence. Parasites were costained with anti-IMC1 (green) to indicate parasite size and the presence of internal daughters and DAPI (blue) to visualize nuclear chromosomes. Cell cycle phases were identified by well-established nuclear and cellular morphological criteria. The representative subcellular distribution of PRMT1mRFP is shown in three major cell cycle transitions: in G 1 , in late-S-phase/early mitosis (prophase/first appearance of buds), and during parasite budding and nuclear division (telophase/cytokinesis). Note that PRMT1mRFP is concentrated in a single structure localized to the apical side of the nucleus in G 1 parasites (white arrow in the PRMT1-DAPI merged image, top panel). In late-S-phase parasites (S/M), this structure is duplicated and is associated with daughter buds during mitosis and cytokinesis (M/C).
investigated the function of PRMT1, a methyltransferase whose orthologues are found in the cytoplasm and the nucleus of both yeast and human cells (27) (28) (29) . Expression of the PRMT1 gene is not required for cell viability in yeast and mammals (26, 27, 30) . Nevertheless, PRMT1 is essential during development as mice with reduced PRMT1 expression die during embryogenesis (26) . PRMT1 also plays an important role in the Trypanosoma brucei life cycle, where depletion of PRMT1 expression via RNA interference results in growth impairment and nuclear defects in the bloodstream forms (31) but not in procyclic forms of the parasite (25) .
PRMT1 in yeast and in humans is primarily a nuclear protein, whereas T. gondii PRMT1 is primarily cytoplasmic, providing a first hint that perhaps PRMT1 has different functions in this parasite. Toxoplasma is unique among apicomplexan parasites in possessing five arginine methyltransferases (PRMT1 to -5) compared to three PRMTs in yeast, C. elegans, and Plasmodium (32). Saksouk et al., using a polyclonal antibody to H4R3me2 and an in vitro assay with recombinant histone H4, suggested that PRMT1 methylates arginine 3 of histone 4 in T. gondii (5) . They therefore hypothesized that PRMT1 functions in gene regulation as histonemodifying enzymes, but the importance of PRMT1 was not tested.
We sought to delineate the role of PRMT1 by making genetic knockouts in type I RH strain parasites. Our knockout strategy involved transfection with a linear Gateway fragment to knock out the PRMT1 gene (10) . The loss of PRMT1 was accompanied by morphological defects during cell division and slow growth of the parasite. A ⌬prmt1::PRMT1mRFP complemented strain no longer exhibited the growth defect observed in the ⌬prmt1 strain, proving the defect was due to deletion of PRMT1 rather than off-target effects. ⌬prmt1 mutants have a defect in replication that results in abnormal vacuoles, but the effect on virulence in mice was modest in the highly virulent RH genetic background. The steady-state mRNAs for all five arginine methyltransferases in the genome are cell cycle regulated (33) with similar peak expression, and it is possible that any role that PRMT1 plays in gene regulation is partially functionally redundant with the activities of the other PRMT or that PRMT1 plays a more important role in strains that are less laboratory adapted than RH.
Surprisingly, we observed increased monomethylation of H3 in the ⌬prmt1 strain that was reversed upon complementation of PRMT1. This phenomenon has also been reported in mammals, where disruption of PRMT1, the major PRMT, alters the accessibility of substrates leading to paradoxically increased methylation (34) . There were no differences in steady-state mRNA of the other 4 PRMTs detectable in microarray analysis, suggesting that the altered methylation was unlikely to be due to compensatory increased expression of the other PRMTs. Thus, there appears to be a complex interplay between the different enzymes involved in methylation of T. gondii proteins, and further experimentation will be required to dissect the direct versus indirect effects of PRMT1 activity.
In other organisms, PRMT1 is thought to regulate gene expression by methylating histones and nuclear factors important for transcription or by modifying the activity of RNA binding proteins. Gene expression profiling demonstrated significant alteration of mRNA expression of ⌬prmt1 strain genes, many of which were cell cycle regulated; however, there was not a significant difference in S/M gene expression or G 1 gene expression that might point to a specific block or delay in cell cycle, nor were we able to identify gene sets uniquely dysregulated in the ⌬prmt1 strain.
Based on analogy to other systems, proteins with a repeating arginine-glycine-glycine (RGG) motif, commonly mRNA-processing proteins, are candidate substrates for PRMT1 (32) . Potential candidate substrates include Argonaute 1 (AGO1), an essential component of the RNA-induced silencing complex (RISC) involved in RNA-induced silencing activities in both the nucleus and cytoplasm (35) . PRMT1 was identified in a pulldown of the TgAGO1 complex (35) , suggesting that PRMT1 could regulate TgAGO1 assembly within macromolecular complexes, as reported for PRMT5 in Drosophila melanogaster (36) . TgAGO1 interacts with and is methylated by PRMT1 (37), but regulated depletion of PRMT1 had a more significant effect upon parasite replication than depletion of AGO1 (37) , suggesting that the growth pheno- PRMT1mRFP-associated structures were further defined using cell cycle comarkers. (A) Parasite clones expressing PRMT1mRFP (⌬prmt1:: PRMT1mRFP [red, native fluorescence]) were transfected with a plasmid carrying a copy of MORN1-myc2x (green, anti-Myc costaining) (16) and the two proteins visualized during the first 24 h postelectroporation. A marker guide panel, which is a black and white inverse of the MORN1 and anti-IMC1 (not shown individually) combined staining patterns, provides a labeled reference of the MORN1-associated spindle pole with rings (Ͼ) and the mother cell basal complex (*). Note that PRMT1mRFP is inside the center of the MORN1 ring structures (see inset images, red stain), which is the location of the centrosome during this stage of the parasite cell cycle (14) . (B) To further resolve PRMT1-associated structures, ⌬prmt1::PRMT1mRFP parasites (red), were costained for MORN1-myc2x (green) and ISP1 (blue), which is an early marker of daughter bud formation (17) . The color resolution in these images (see inset panels) indicates PRMT1mRFP localizes to a structure that lies underneath and becomes fully separated from the early bud structures (e.g., blue versus red in inset images in the bottom panel). (C) Staining with anti-humancentrin1 (green, centrosomes) shows PRMT1mRFP colocalizes to this structure and the pericentriolar compartment that surrounds the organelle.
type seen by depletion of PRMT1 was not due to perturbation of the genes potentially regulated by AGO1 and the RISC.
Intriguingly, in parasites lacking PRMT1, expression of several genes linked to parasite replication was dysregulated. Among these were the genes coding for MORN1, a protein essential for basal body formation and cytokinesis (16, 38, 39) , and SFA1, one of three striated fiber assemblins. SFAs are apicomplexan proteins that are homologues of the striated rootlet fiber of algal flagella. SFA2 and SFA3 are cell cycle regulated and play an essential role formation of a fibrillar tether that couples the daughter microtubule organizing center, a unique apicomplexan apical structure, to the centrosome during mitosis (21) . The steady-state transcript of SFA1, a third SFA that is not cell cycle regulated and is not highly expressed, is induced in the knockout, as is the mRNA of ␥-tubulin. ␥-Tubulin is required for microtubule nucleation and is found in centrosomes and spindle body poles. Induction of ␥-tubulin and SFA mRNA in the PRMT1 knockout could contribute to dysregulation or impaired formation of daughter buds. In duplication of the centrosome preceding the formation of two daughters in each tachyzoite cell cycle. Centrosome duplication observed in parasites that had entered S phase (green, anti-human centrin1) was accurate and synchronous in the eight parental parasites that shared the same vacuole (top panel). In contrast, centrosome numbers were nonstoichiometric and asynchronously replicated in ⌬prmt1 parasites lacking the PRMT1 gene (bottom two panels). Irregular centrosome numbers in the knockout parasites are enumerated in the guide reference panels. Three phenotypic features are associated with deletion of PRMT1: (i) daughter buds are abnormal (dashed red arrows), (ii) centrosome counts exceed stoichiometric numbers (solid red arrows), and (iii) multinuclear replication is associated with irregular centrosome counts reminiscent of endopolygeny (blue arrows). All of these features were considered abnormal in the quantification below. The costains in these images were anti-IMC1 (red), which indicates parasite size and the presence of internal daughters, and DAPI (blue), which was used to visualize nuclear chromosomes. (B) The fraction of normal and abnormal vacuoles was quantified in wild-type parental, ⌬prmt1, and ⌬prmt1::PRMT1mRFP parasite clones (100 total vacuoles counted in triplicate per clone). PRMT1 deletion led to significant increase in the amount of abnormal vacuoles (***, P Ͻ 10 Ϫ6 ).
addition to these proteins, several other proteins potentially involved in cytoskeletal structure or cell signaling have altered expression in wild-type and the complemented strain compared to the knockout strain (see Data Set S1 in the supplemental material). Many of the proteins with altered expression are hypothetical proteins whose importance has yet to be determined. PRMT1 could methylate histones or other nuclear factors with resultant downstream effects on gene expression or modify cytosolic substrates that affect mRNA levels.
In summary, this study provides genetic evidence for an important role for PRMT1 in Toxoplasma replication. PRMT1 localization to the centrosome and pericentriolar material and the significant abnormalities in parasite endodyogeny associated with PRMT1 deletion indicate that PRMT1 acts to regulate the processes required for accurate daughter cell counting during parasite replication. Several recent studies identified a number of centrosomal proteins implicated in the control of T. gondii cell division. In addition to Nek1 (40) and Aurora-related kinase 1 (18) , an unusual member of the MAPK family kinases, TgMAPKL-1, was shown to restrict duplication of the centrosome to once per cycle, thus demonstrating secure binary division of the Toxoplasma tachyzoite (18) . Interestingly, both PRMT1 and MAPKL-1 localize to pericentriolar matrix, and PRMT1 deficiency led to a less devastating but similar loss of control of centrosome duplication. It is tempting to hypothesize that cell division in apicomplexan parasites is regulated not only by phosphorylation of the target proteins with kinases but also by protein methylation with PRMT1. Although methylation of centrosomal proteins has not been described in any eukaryote, in human cells, methylation of Golgi factors by cytoplasmic PRMT5 is critical for the proper organelle assembly and function (41, 42) Our study suggests that protein arginine methylation regulates parasite replication. In T. gondii, PRMT1 is associated with the centrosome throughout the cell cycle, and lack of PRMT1 results in abnormal daughter buds, perturbed centrosome stoichiometry, and loss of synchronous replication. Although PRMT1 functions are often conserved, PRMT1 substrates cannot be accurately predicted based only upon sequence, and species-specific differences in substrate specificity have been reported (25) . Reagents and proteomics approaches have been utilized to survey the methylome of T. brucei (43, 44) , and similar studies will be useful to elucidate the mechanism by which PRMT1 regulates daughter segregation. Plasmodium PRMT1 has similar localization to TgPRMT1 and has also been thought to function in gene regulation (45) . It will be of great interest to determine whether PRMT1 has a conserved function in apicomplexan parasite division since blood-stage malaria parasites replicate by schizogeny rather than endodyogeny. Further studies to identify PRMT1 substrates may determine how various posttranslational modifications of histone and nonhistone proteins regulate parasite replication and accurate centrosome duplication.
MATERIALS AND METHODS
Parasite culture. T. gondii RH⌬hxgprt tachyzoites were used in all experiments, and the maintenance of parasites by continuous passage in human foreskin fibroblasts (HFFs) and parasite transfections were performed as previously described (46) .
Generation of ⌬prmt1 and ⌬prmt1::PRMT1mRFP. PRMT1 (TGME49_219520) was cloned from RH strain parasites. One-kilobase fragments upstream of the PRMT1 initiator codon and downstream of the stop codon were cloned to flank a hypoxanthine-xanthine-guaninephosphoribosyl transferase (HXGPRT) cassette, transformed into RH⌬hxgprt parasites, selected with 50 g·ml Ϫ1 xanthine plus 25 g·ml Ϫ1 mycophenolic acid (46) , and cloned by limiting dilution as described previously (47) . ⌬prmt1 parasites were genetically complemented with a construct containing the TUB1 promoter upstream of the PRMT1 cDNA with an mCherryFP (mRFP) tag fused to the C terminus. The plasmid ptub-PRMT1-mRFP was constructed by replacing the PRMT1/NheIBglII fragment in ptub-EGFP-mCherryFP. (The plasmid was a kind gift from Ke Hu, University of Indiana). ⌬prmt1 parasites were cotransfected with a plasmid conferring resistance to chloramphenicol. After selection in 10 M chloramphenicol plus 50 g·ml Ϫ1 xanthine with 25 g·ml Ϫ1 mycophenolic acid, parasites were cloned by limiting dilution and assessed for PRMT1 expression. Since initial phenotypic analysis results
FIG 7
Dysregulation of gene expression in the PRMT1 knockout is not cell cycle specific. Total RNA (three independent biological samples per strain) from asynchronously grown parent and ⌬prmt1 strains was obtained, converted to cRNA, and used to hybridize Affymetrix Toxoplasma GeneChips. Published mRNAs from the cell cycle transcriptome with peak expression in the G 1 versus S/M periods were evaluated in the parent and ⌬prmt1 gene expression profiles. Significant values (normalized RMA values) with more than a 2-fold change were identified and compared (see parent versus ⌬prmt1 mutant in the graph on the left). Genes with increased mRNA expression in the ⌬prmt1 strain were plotted above the dashed line, while declining mRNA levels in comparison to those of the parent cells were plotted below. Note that both G 1 (red) and S/M (blue), transcripts were affected in the ⌬prmt1 strain, indicating the growth phenotype of this strain does not cause a cell cycle timing defect. Consistent with the abnormal structural features seen in ⌬prmt1 parasites, the regulation of genes involved in centrosome duplication and cytokinesis was significantly altered compared to that in the parent strains. Selected genes showing at least 2-fold difference in expression in the knockout compared to the wild type are shown in the table to the right. These genes also showed similar expression differences compared to the complemented strain (see Data Set S1 for details).
were similar for the two clones, further cell biology and biochemical characterization was performed with one set of knockout and complemented lines. The parental RH⌬hxgprt strain (wild type [WT]), the ⌬prmt1 mutant (also referred to as the knockout [KO]), and the ⌬prmt1:: PRMT1mRFP strain (complemented [Cm] ) were compared in the following assays.
Plaque assay. Fully confluent HFFs were infected with equal numbers of parental RH⌬hxgprt, ⌬prmt1, and ⌬prmt1::PRMT1mRFP parasites for 11 days. The cultures were fixed and permeabilized in cold methanol (Ϫ20°C) for 15 min and stained with Coomassie brilliant blue G-250 dye at room temperature for 1 h and then at 4°C overnight before scanning and measuring plaque size.
Uracil incorporation growth assay. [ 3 H]uracil incorporation was applied to test the growth of the wild-type (RH⌬hgxprt), ⌬prmt1, and prmt1::PRMT1mRFP strains (48) . Twelve-well tissue culture plates containing confluent HFF monolayers were inoculated with the parasites (1 ϫ 10 2 /well) for 24, 48, and 72 h in pH 7.1 medium with 5% CO 2 or pH 8.1 medium with 0.5% CO 2 . The inoculum was calculated so that the HFF monolayer was not completely lysed after 48 h and that a 72-h time point could be acquired. Mean values from 3 independent experiments Ϯ standard deviations are shown.
Static gliding assay. Glass coverslips were coated overnight at 4°C with 50% fetal bovine serum (FBS)-50% phosphate-buffered saline (PBS). Freshly lysed filtered tachyzoites were resuspended in HHE (Hanks balanced salt solution [HBSS], 10 mM HEPES, 1 mM EGTA), and the coated slides were inoculated with 250 l for 30 min at 37°C. The slides were then fixed with 3% paraformaldehyde. Parasites were also pretreated with the gliding inhibitor cytochalasin D as a negative control or with dimethyl sulfoxide (DMSO [solvent control]). Trails left by gliding parasites were visualized at 40ϫ by staining with the mouse anti-SAG1 antibody followed by a conjugated anti-mouse secondary antibody. Between 40 and 200 trails were enumerated per strain per treatment as previously detailed (49, 50) .
Time-lapse video for motility and egress. Infected HFF monolayers were washed in HBSS 24 to 36 h postinfection and exposed to 4 M A23187 for video microscopy. The image time series were collected at 10-s intervals for up to 20 min and converted to time-lapse video.
Transmission electron microscopy. The carbon-coated Matrigelcovered samples with Toxoplasma-infected cells were fixed with 2.5% glutaraldehyde and 0.5% tannic acid in 0.1 M sodium cacodylate buffer, postfixed with 1% osmium tetroxide followed by 2% uranyl acetate, dehydrated through a graded series of ethanol, and embedded in LX112 resin (Ladd Research Industries). Ultrathin sections were cut on an Ultracut UCT (Reichert), stained with uranyl acetate followed by lead citrate, and viewed on a transmission electron microscope (1200EX; JEOL) at 80 kV at the Analytic Imaging Facility of the Albert Einstein College of Medicine.
Western blotting. Parasites were isolated from host cells by two successive passages through a 25-gauge needle and one passage through a 3-m-pore filter, followed by centrifugation at 500 ϫ g for 10 min. The parasite pellet was washed twice in PBS and lysed in SDS sample buffer. Equal amounts of protein were loaded into wells of a 12% SDS-polyacrylamide gel and fractionated by electrophoresis. The proteins were transferred to nitrocellulose membranes, and immunoblotting was performed with rabbit anti mCherryFP as the primary antibody, revealed with conjugated goat anti-rabbit as the secondary antibody. Signal generation was performed using an ECL enhanced chemiluminescence kit (PerkinElmer Life Sciences).
Immunofluorescence assay analysis. Confluent HFF cultures on glass coverslips were infected with parasites for the indicated times. Cells were fixed in 3.7% paraformaldehyde, permeabilized in 0.25% Triton X-100, and blocked in 1% bovine serum albumin (BSA) in PBS. PRMT1mRFP was detected by native fluorescence after fixation and antibody staining for other comarkers. Epitope-tagged MORN1 protein was visualized after transient transfection with a plasmid carrying a MORN1-myc2x insert (16) . Incubations with primary antibody (1 h) followed by the corresponding secondary antibody (1 h) were performed at room temperature with DAPI (0.5 g/ml) added in the final incubation to stain genomic DNA. The following primary antibodies were used at the indicated dilutions: mouse monoclonal anti-Myc (MORN1 staining; Santa Cruz Biotechnology, Santa Cruz, CA), anti-ISP1 (early budding structures, monoclonal antibody kindly provided by Peter Bradley, UCLA), and anti-IMC1 (mature buds and mother cell shape; kindly provided by Gary Ward, University of Vermont) at 1:1,000. Serum raised against the conserved human centrin1 (26-14.1; a kind gift from Ian Cheeseman, MIT) was previously shown to cross-react with the Toxoplasma centrin orthologue and provide visualization of parasite centrosomes (13, 51) . All Alexa-conjugated secondary antibodies (Molecular Probes, Life Technologies) were used at a 1:1,000 dilution. After several washes with PBS, coverslips were mounted with Aquamount (Thermo Scientific), dried overnight at 4°C, and viewed on a Zeiss Axiovert Microscope equipped with a 100ϫ objective. Images were processed in Adobe Photoshop CS v4.0 using linear adjustment for all channels.
Virulence studies. Groups of 4 mice were intraperitoneally injected with 10 tachyzoites and observed for up to 30 days for mortality in 2 separate experiments. The numbers of injected parasites were confirmed by plaque assay and were equivalent between groups. All animal experiments were conducted in AAALAC approved facilities using protocols approved by the Animal Use Committee of the Albert Einstein College of Medicine.
HPLC and mass spectrometric analysis of intact histone samples. For high-performance liquid chromatography (HPLC), histones were purified from tachyzoites using a histone purification kit (Active Motif, Carlsbad, CA). A Shimadzu high-performance liquid chromatograph with two LC-10AD pumps was used to generate a gradient with a 30-l/ min flow rate. Solvent A was 5% acetonitrile in H 2 O with 0.1% fluorescent antibody (FA), while solvent B consisted of 95% acetonitrile in H 2 O with 0.1% FA. After desalting for 5 min with 5% B, the histone samples were eluted at 30 l/min with a 5 to 50% gradient for 30 min. The effluent was infused into a 12-T Varian IonSpec FT-ICR (Agilent, Inc.) or an LTQ linear ion trap mass spectrometer (Thermo Scientific) for analysis.
Mass spectrometric analysis of in-gel-digested proteolytic histone samples. Histone purification was performed as previously described (52) . Histones purified from tachyzoites were resolved by SDS-PAGE, and the gel was stained with Coomassie blue. Bands with individual histones were cut from the gel. After destaining, the gel piece with H4 was incubated for 18 h at 37°C with endoproteinase Asp-N (Roche, Indianapolis, IN) in 50-mM sodium phosphate buffer (pH 8.0). Digested peptides were recovered from the gel by three extractions with 50:50 H 2 O-acetonitrile-5% formic acid. The extracted peptides were mixed (1:1) with an ␣-cyano-4-hydroxycinnamic acid solution (50:50 H 2 O-acetonitrile containing 0.1% trifluoroacetic acid [TFA]). A 1-l aliquot of the mixture was placed on a matrix-assisted laser desorption ionization (MALDI) target and air dried. Mass spectra were acquired on a 4800 MALDI tandem time of flight (TOF/TOF) mass spectrometer (Applied Biosystems, Foster City, CA). The instrument was equipped with an Nd:YAG laser (PowerChip, JDS Uniphase, San Jose, CA) operating at 200 Hz and controlled by Applied Biosystems 4000 series Explorer version 3.6 software. Each spectrum was accumulated in 500 shots. Tandem mass spectra were searched against the EPICDB compiled T. gondii database (53) using the MASCOT program (Matrix Sciences, London, United Kingdom).
RNA purification, probe construction, microarray hybridizations, and analysis. T. gondii RH⌬hxgprt (wild-type parent), ⌬prmt1 (knockout), and ⌬prmt1::PRMT1mRFP (complemented) parasites were harvested from each flask by scraping and then isolated from host cells by two successive passages through a 25-gauge needle and one passage through a 3-m-pore filter. Total RNA was processed using the RNeasy protocol (Qiagen), with mercaptoethanol added to the lysis solution and DNase I treatment performed prior to RNA elution. RNA sample quality was assessed on a model 2100 Bioanalyzer (Agilent Biotechnologies). Synthesis and fragmentation of cRNA probes followed Affymetrix one-cycle protocols and hybridizations to the Toxoplasma GeneChip array (see http:// ancillary.toxodb.org/docs/Array-Tutorial.html for a description of the array design) was performed on the Affymetrix GeneChip Station following standard methods as previously described (54) at the Montana State University Functional Genomics Core Facility. Three biological replicates were run for each parasite line.
To minimize variations among independent experiments, samples were processed together for probe synthesis and hybridization. For each sample type, three independent RNA samples were harvested for a total of three hybridizations per sample type. Hybridization data were preprocessed with RMA (robust multiarray average), normalized using per chip and per gene median polishing, and analyzed using the software package GeneSpring GX11 (Agilent Technologies, Santa Clara, CA). Probe sets with a raw value greater than 50 under at least 1 out of 9 conditions were retained (n ϭ 7,038) for t test analysis that further refined the list to 809 probe sets. An analysis of variance (ANOVA) was run to identify genes with significantly greater than random variation in RNA abundance between the wild-type, ⌬prmt1, and ⌬prmt1::PRMT1mRFP lines. Variances were calculated with a P value cutoff of 0.05 and multiple testing correction (Benjamini and Hochberg) (33) . To further filter the gene lists, we identified genes whose expression changed in both ⌬prmt1 versus the wild-type parental strain and between the ⌬prmt1 and complemented ⌬prmt1::PRMT1mRFP lines. This list was manually inspected. All expression data for genes that had a statistically significant change in expression are shown in Data Set S1 in the supplemental material.
Microarray data accession number. Data have been deposited as an NCBI Geo Dataset under accession number GSE73177.
SUPPLEMENTAL MATERIAL
Supplemental material for this article may be found at http://mbio.asm.org/ lookup/suppl/doi:10.1128/mBio.02094-15/-/DCSupplemental. Figure S1 , TIF file, 0.9 MB. Figure S2 , TIF file, 0.4 MB. Data Set S1, XLSX file, 0.9 MB.
